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Abstract—Molecular electronics is envisioned as a promising 
candidate for the nanoelectronics of the future. More than a 
possible answer to ultimate miniaturization problem in 
nanoelectronics, molecular electronics is foreseen as a possible 
way to assemble a large numbers of nanoscale objects (molecules, 
nanoparticules, nanotubes and nanowires) to form new devices 
and circuit architectures. It is also an interesting approach to 
significantly reduce the fabrication costs, as well as the 
energetical costs of computation, compared to usual 
semiconductor technologies. Moreover, molecular electronics is a 
field with a large spectrum of investigations: from quantum 
objects for testing new paradigms, to hybrid molecular-silicon 
CMOS devices. However, problems remain to be solved (e.g. a 
better control of the molecule-electrode interfaces, improvements 
of the reproducibility and reliability, etc…). 
 
Index Terms—molecular electronics, monolayer, organic 
molecules, self-assembly 
 
I. INTRODUCTION 
wo works paved the foundation of the molecular-scale 
electronics field. In 1971, Mann and Kuhn were the first 
to demonstrate tunneling transport through a monolayer of 
aliphatic chains [1]. In 1974, Aviram and Ratner theoretically 
proposed the concept of a molecular rectifying diode where an 
acceptor-bridge-donor (A-b-D) molecule can play the same 
role as a semiconductor p-n junction [2]. Since that, 
molecular-scale electronics have attracted a growing interest, 
both for basic science at the nanoscale and for possible 
applications in nano-electronics. In the first case, molecules 
are quantum object by nature and their properties can be 
tailored by chemistry opening avenues for new experiments. 
In the second case, molecule-based devices are envisioned to 
complement silicon devices by providing new functions or 
already existing functions at a simpler process level and at a 
lower cost by virtue of their self-organization capabilities, 
moreover, they are not bound to von Neuman architecture and 
this may open the way to other architectural paradigms. 
Molecular electronics, i.e. the information processing at the 
molecular-scale, becomes more and more investigated and 
envisioned as a promising candidate for the nanoelectronics of 
the future. One definition is "information processing using 
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photo-, electro-, iono-, magneto-, thermo-, mechanico or 
chemio-active effects at the scale of structurally and 
functionally organized molecular architectures" (adapted from 
[3]). In the following, we will review recent results about 
nano-scale devices based on organic molecules with size 
ranging from a single molecule to a monolayer. However, 
problems and limitations remains whose are also discussed. 
The structure of the paper is as follows. Section II briefly 
describes the chemical approaches used to manufacture 
molecular devices. Section III discusses technological tools 
used to electrically contact the molecule from the level of a 
single molecule to a monolayer. Serious challenges for 
molecular devices remain due to the extreme sensitivity of the 
device characteristics to parameters such as the 
molecule/electrode contacts, the strong molecule length 
attenuation of the electron transport, for instance. Recent 
advances on these challenges are presented in Section IV. In 
section V, we discuss the recent progress towards functional 
molecular devices (e.g. memory, switch,…). It is clear that 
molecular electronics should be considered as a long term 
research goal, and that many (if not all) performances of 
molecular devices cannot compare with more mature CMOS 
and other less exploratory technologies. Section V gives some 
highlights on recent results on molecular devices and 
prototypal chips and discusses some comparisons with other 
technologies when it makes sense. 
II. CHEMISTRY AND SELF-ASSEMBLY 
Making molecular-scale devices requires manipulating and 
arranging organic molecules on metal electrodes and 
semiconducting substrates. Organic monolayers and sub-
monolayers (down to single molecules) are usually deposited 
on the electrodes and solid substrates by chemical reactions in 
solution or in gas phase using molecules of interest bearing a 
functional moiety at the ends which is chemically reactive to 
the considered solid surface (for instance, thiol group on metal 
surfaces such as Au, silane group on oxidized surfaces, etc…) 
[4]. Many reports in the literature concern self-assembled 
monoayers (SAMs) of thiol terminated molecules 
chemisorbed on gold surfaces, and to a less extend, molecular-
scale devices based on SAMs chemisorbed on 
semiconductors, especially silicon. Silicon is the most widely 
used semiconductor in microelectronics. The capability to 
modify its surface properties by the chemical grafting of a 
broad family or organic molecules (e.g. modifying the surface 
potential [5-7]) is the starting point for making almost any 
tailored surfaces useful for new and improved silicon-based 
devices. Between the end of the silicon road-map and the 
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envisioned advent of fully molecular-scale electronics, there 
may be a role played by such hybrid-electronic devices [8, 9]. 
The use of thiol-based SAMs on gold in molecular-scale 
electronics is supported by a wide range of experimental 
results on their growth, structural and electrical properties (see 
a review by F. Schreiber [10]). However, SAMs on silicon and 
silicon dioxide surfaces were less studied and were more 
difficult to control.  This has resulted in an irreproducible 
quality of these SAMs with large time-to-time and lab-to-lab 
variations. This feature may explain the smaller number of 
attempts to use these SAMs in molecular-scale electronics 
than for the thiol/gold system. Since the first chemisorption of 
alkyltrichlorosilane molecules from solution on a solid 
substrate (mainly oxidized silicon) introduced by Bigelow, 
Pickett and Zisman [11] and later developed by Maoz and 
Sagiv [12], further detailed studies [13-16] have lead to a 
better understanding of the basic chemical and 
thermodynamical mechanisms of this self-assembly process. 
For a review on these processes, see Refs. [4, 10]. Moreover, 
grafting on Si offers more stable devices as compared to 
thiolated molecules on Au. Due to the labile Au-S bond, 
SAMs on Au often display current level fluctuations (i.e. 
random telegraph noise) due to sporadic configurational 
changes of the Au-S bond [17-19]. This effect is suppressed 
for SAMs on Si, because the Si-C or Si-O bonds have a larger 
binding energy [20] and it is only observed for single 
molecule with more free space around it [21]. 
Langmuir-Blodgett (LB) monolayers (see a review in a text-
book [4]) have also been used in the fabrication of molecular-
based devices [22-33], but they are less robust (mechanically 
and thermally) than SAMs, and chemisorption processes are 
now more systematically used, both for making monolayers 
and to attach a single molecule between nano-electrodes. 
Sublimation of molecules (depending on molecules) can also 
be used in a sub-monolayer regime especially for UHV-STM 
studies. 
III. CONTACTING THE MOLECULES 
A. At the "laboratory" level 
Scanning tunneling microscope (STM) and conducting-
atomic force microscope (C-AFM) are widely used at this 
stage to measure the electronic properties of a very small 
number of molecules (few tens down to a single molecule). 
With STM, the electrical "contact" occurs through the air-gap 
between the molecule or the molecular monolayer and the 
STM tip (or vacuum in case of an UHV-STM). This leads to a 
difficult estimate of the true conductance of the molecules [34, 
35]. A significant improvement has been demonstrated by Xu 
and Tao [36] to measure the conductance of a single molecule 
by repeatedly forming few thousands of Au-molecule-Au 
junctions. This technique is a STM-based break junction 
(STM-BJ), in which molecular junctions are repeatedly 
formed by moving back and forth the STM tip into and out of 
contact with a gold surface in a solution containing the 
molecules of interest. A few molecules, bearing two chemical 
groups at their ends, can bridge the nano-gap formed when 
moving back the tip from the surface (Fig. 1). Due to the large 
number of measurements, this technique provides statistical 
analysis of the conductance data. Using C-AFM as the upper 
electrode [37-39], the metal-coated tip is gently brought into a 
mechanical contact with the monolayer surface (this is 
monitored by the feed-back loop of the AFM apparatus) while 
an external circuit is used to measure the current-voltage 
curves. The critical point of C-AFM experiments is certainly 
the very sensitive control of the tip load to avoid excessive 
pressure on the molecules [40] (which may modify the 
molecule conformation and thus its electronic transport 
properties, or even can pierce the monolayer). On the other 
hand, the capability to apply a controlled mechanical pressure 
on a molecule to change its conformation is a powerful tool to 
study the relationship between conformation and electronic 
transport [41]. If working on an organic monolayer, an easy 
technique for a quick assessment of the electrical properties 
consists in contacting it by a mercury drop [1, 42-45] or a 
GaIn eutectic drop [46]. 
 
Fig. 1. Typical scheme of the STM break junction with the molecule 
arrangement while retracting the STM tip [36]. a) Metallic point contact. b) 
molecule bridging the electrodes. c) no molecule. d) Scanning electron 
microscope image of a typical mechanically breaking junction [47]. e) Layout 
of the technique. f) Scheme of the molecule arrangements in the break 
junction. 
 
Another approach is to use a mechanically breaking 
junction (MBJ), bridged by few dithiol-terminated molecules 
[47-51]. A small and suspended metallic nanowire (typically 
10 x 10 nm) is fabricated by e-beam lithography on a bendable 
substrate. A drop of solvent with the molecules of interest is 
placed on the nanowire, which is elongated and broken by 
bending the substrate with a piezo system. When the nanowire 
breaks, a few molecules can chemically bridge the nano-gap 
and they are simultaneously electrically measured (Fig. 1). 
Weber et al. reported some improvements allowing stable 
MBJ measurements at low temperature [52, 53]. Finally, we 
mention that Au nanoparticles (NP) can be used to connect a 
few molecules, these NP (tens of nm in diameter) being 
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themselves deposited between electrodes or contacted with a 
STM [54-56]. A very recent review on how to electrically 
connect molecules and organic monolayers is given by Haick 
and Cahen [57]. However, it is clear that connecting molecules 
with these “laboratory” techniques is not obvious, and in some 
cases remains at the level of a “tour de force”. 
 
B. At the "device-like" level 
If we envision device applications, the above techniques are 
no longer suitable, and the deposition of a metal electrode on 
top of an organic monolayer, without a degradation of the 
monolayer and without the creation of metallic shorts, is a 
critical issue. Several studies [58-63] have analyzed (by X-ray 
photoelectron spectroscopy, infra-red spectroscopy,…) the 
interaction (bond insertion, complexation…) between the 
metal atoms and the molecules. When the metal atoms are 
strongly reactive with the end-groups of the molecules (e.g. Al 
with COOH or OH groups, Ti with COOCH3, OH or CN 
groups….) [58-63], a chemical reaction occurs forming a 
molecular overlayer on top of the monolayer. This overlayer 
made of organometallic complexes or metal oxides may 
perturb the electronic coupling between the metal and the 
molecule, leading, for instance, to partial or total Fermi-level 
pinning at the interface [64]. In some cases, if the metal 
chemically reacts with the end-group of the molecule (e.g. Au 
on thiol-terminated molecules), this overlayer may further 
prevent the diffusion of metal atoms into the organic 
monolayer [65]. The metal/organic interface interactions (e.g. 
interface dipole, charge transfer,…) are very critical and they 
have strong impacts on the electrical properties of the 
molecular devices. Some reviews are given in Refs. [66, 67]. 
If the metal atoms are not too reactive (e.g. Al with CH3 or 
OCH3…) [58-63], they can penetrate into the organic 
monolayer, diffusing to the bottom interface where they can 
eventually form an adlayer between this electrode and the 
monolayer (in addition to metallic filamentary short circuits). 
In a practical way for device application using organic 
monolayers, the metal evaporation is generally performed onto 
a cooled substrate (~100 K). It is also possible to intercalate 
blocking baffles on the direct path between the crucible and 
the sample, or/and to introduce a small residual pressure of 
inert gas in the vacuum chamber of the evaporator [27, 28, 
68]. These techniques allow reducing the energy of the metal 
atoms arriving on the monolayer surface, thus reducing the 
damages. 
To avoid these problems, alternative and soft metal 
deposition techniques were developed. One called 
nanotransfer printing (nTP), has been described and 
demonstrated [69]. Nanotransfer printing is based on soft 
lithographic techniques used to print patterns with nanometric 
resolution on solid substrates [70]. The principle is briefly 
described as follows (Fig. 2). Gold electrodes are deposited by 
evaporation onto an elastomeric stamp and then transferred by 
mechanical contact onto a thiol-functionalized SAM. Transfer 
of gold is based on the affinity of this metal for thiol function 
–SH forming a chemical bond Au–S. Loo et al. [69] have used 
the nTP technique to deposit gold electrodes on alkane dithiol 
molecules self-assembled on gold or GaAs substrates. 
Nanotransfer printing of gold electrodes was also deposited 
onto oxidized silicon surface covered by a monolayer of thiol-
terminated alkylsilane molecule [71, 72]. Soft depositions of 
pre-formed metal electrodes, e.g. lift-off float-on (LOFO) 
[73], have also been developed. Recently, a very elegant 
solution to avoid the formation metallic filamentary paths 
within the SAM has been proposed in which a thin conducting 
polymer layer (PEDOT:PSS, poly-ethylene-dioxythiophene) 
stabilized with poly-styrene-sulphonic acid) has been 
intercalated as a buffer layer between the organic monolayer 
and the evaporated metal electrode [74]. With this technique, 
it is possible to manufacture molecular junctions with a large 
area (diameter up to 100 µm), a very high yield (> 95%), and 
with an excellent stability and reproducibility. This simple 
approach is potentially low-cost and suitable for practical 
molecular electronics. It was also reported to use metallic 
electrode made of a 2D network of carbon nanotubes [75]. 
 
 
Fig. 2. Principle for deposition of gold electrodes on a thiolated SAM on 
silicon by nTP method. (a) Bring gold-coated patterned stamp into contact 
with the SH-functionalized SAM. (b) Remove the stamp from the substrate. 
Gold electrodes are transferred on the substrate [69, 71]. 
 
A transistor structure was also investigated (3-terminal 
device) using a bottom gate transistor configuration. The 
difficulties are (i) to make these electrodes with a nanometer-
scale separation; (ii) to deposit molecules into these nano-
gaps. Alternatively, if the monolayer is deposited first onto a 
suitable substrate, it would be very hard to pattern, with a 
nanometer-scale resolution, the electrodes on top of it. The 
monolayers have to withstand, without damage, a complete 
electron-beam patterning process for instance. This has been 
proved possible for SAMs of alkyl chains [76, 77] and alkyl 
chain functionalized by π-conjugated oligomers [78] used in 
nano-scale (15 – 100 nm) devices. However, recently 
developed soft-lithographies (micro-imprint contact…) can be 
used to pattern organic monolayers or to pattern electrodes on 
these monolayers [70]. Nowadays, 30 nm width nano-gaps are 
routinely fabricated by e-beam lithography and 5 nm width 
nano-gaps are attainable with a lower yield (a few tens %) [79-
81]. However, these widths are still too large compared to the 
typical molecule length of 1-3 nm. The smallest nanogaps ever 
fabricated have a width of about 1 nm. A metal nanowire is e-
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beam fabricated and a small gap is created by electromigration 
when a sufficiently high current density is passing through the 
nanowire [82]. These gold nanogaps were then filled with few 
molecules (bearing a thiol group at each ends) and Coulomb 
blockade and Kondo effects were observed in these molecular 
devices [83, 84]. A second approach is to start by making two 
electrodes spaced by about 50-60 nm, then to gradually fill the 
gap by electrodeposition until a gap of few nanometers has 
been reached [85-87]. Recently, carbone nanotubes (CNT) 
have been used as electrodes separated by a nano-gap (<10 
nm) [88]. The nano-gap is obtain by a precise oxidation 
cutting of the CNT, and the two facing CNT ends which are 
now terminated by carboxylic acids, are covalently bridged by 
molecules of adapted length derivatized with amine groups at 
the two ends (Fig. 3). It is also possible to functionalize the 
molecule backbone for further chemical reactions allowing the 
electrical detection of molecular and biological reactions at the 
molecule-scale [88, 89].   
 
 
Fig. 3. A) SEM image of a CNT before cutting and bridging with a molecule. 
B) Scheme of the CNT-molecule-CNT junction [88, 89]. 
IV. THE MOLECULE/ELECTRODE CONTACT CHALLENGE 
As discussed above, it is clear that the difficulties of making 
and controlling electronic connections to molecules are the 
great challenge. It has long been recognized that the electrical 
conductance of a molecular junction (i.e. a molecule or 
monolayer sandwiched between two electrodes, whether they 
are metallic or semiconducting) is strongly influenced by the 
chemical nature and atomic configuration of the 
molecule/electrode contact. Small changes in the contact 
geometry can dramatically change the conductance through 
the molecule [90]. For instance, theoretical calculations have 
predicted that selenium (Se) and tellurium (Te) are better links 
than sulfur (S) for the electronic transport through molecular 
junctions [91, 92]. This was demonstrated in a series of 
experiments using SAMs made of bisthiol- and biselenol-
terthiophene molecules (a π-conjugated molecule prototype of 
a "molecular wire") inserted in a dodecanethiol matrix 
(forming an electrically insulating matrix because alkane 
molecules have a large HOMO-LUMO gap) [93, 94]. Further 
experiments have shown that: i) amine group (NH2) give 
better controlled conductance variability than thiol (SH) and 
isonitrile (CN) [95] and ii) the interface contact resistance is 
lower for amine than for thiol [96]. For further reading on the 
physics of molecule/electrode contacts, on the influence of the 
contact on molecular energetics and how it impacts electron 
transport phenomenon in molecular devices, the interested 
reader can found more in recent review papers [97-99]. 
 
 
Fig. 4. Histogram of the conductance of a Pt/benzene/Pt junction and 
comparison with a Pt-Pt point contact [100].  
 
However, this chemical link acts also as a tunnel barrier for 
electron transfer between the electrode and the molecule 
[101]. As a consequence, the conductance of a molecular 
junction is usually small (typically below 10-2 G0, where 
G0=2e2/h=77.5µS is the conductance quantum)[49, 51, 95, 
102-104]. Consequently, molecular electronics is a “high 
impedance” electronics which implies a large power 
dissipation if we envision a high-density of molecular devices 
in a same chip (related to the small size of molecules).   
Recently, a significant progress was made towards “low 
impedance” molecular electronics. The group of van 
Ruitenbeek reported on a highly conductive molecular 
junction, around G0, obtained with a direct binding of small organic molecules (benzene, acetylene, CO, CO2, H2, H20) to metallic electrodes (Pt) without the use of anchoring groups 
(Fig. 4) [100, 105]. This result has been ascribed to the good 
reactivity of the Pt, forming direct bonds with the molecule. 
Although all these molecular junctions have about the same 
conductance near G0, the contribution of the molecule in the 
transport properties of the junction has been also evidenced by 
the observation of different vibrational signatures in the 
inelastic electron tunneling transport [105]. 
Further experiments are now required to determine to which 
extent the conclusions drawn for a peculiar molecule and 
metal electrode are valid for any other ones. With all these 
data on hands, one would optimize the design of future 
devices for molecular electronics. 
 
Another issue is the strong dependence of the conductance 
of a molecular junction with the length of the molecule. Due 
to relatively large energy offset at the molecule/electrode 
interface (see above), the conductance is mainly dominated by 
tunneling and the conductance follows a classical exp(-βd) 
law (d is the molecular length) with β ≈ 1 Å-1 for saturated 
molecules (alkyl chain) and ≈ 0.5-0.6 Å-1 for π-conjugated 
molecules.[102] It means that electron transport is limited to 
few nm in these systems. This limitation has been recently 
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overcome. By introducing, step-by-step, metallic ions (Co(II), 
Fe(II)) between π-conjugated oligomers (terpyridine-based), 
the group of M.A. Rampi and coworkers have built "long" 
molecular wires (up to 40 nm) with a very low attenuation 
factor (β ≈ 0.001 Å-1) (Fig. 5) [106]. This result is due to the 
introduction of energy levels, related to the metal ions, in 
close resonance with the Fermi energy of the metal electrodes. 
While this approach is not completely new (see a review in 
[107]), this result opens interesting perspectives for the 
development of molecular wires. 
 
Fig. 5. Schematic representation of the synthesis of the molecular wires, and 
length dependence of the current for the molecular wires with the Co and Fe 
ions. Comparison with classical π-conjugated molecules (polyphenyl chains) 
[106]. 
 
Compared to metal nanowires, the resistance of the above 
mentioned molecular wire remains large (MΩ range), while 
taken a typical resistivity of 10 µΩ.cm [108], metallic 
nanowires of the same size have resistances in the range of 
kΩ. This feature is probably due to a lack of molecule-contact 
optimization as discussed above. Other groups have developed 
different chemical approaches (e.g. based on oligoyne 
derivatives), reporting low attenuation factors (0.06 Å-1) [109]. 
Other theoretical proposals rely on the "doping" of molecules 
by heteroatoms so as to align the molecular orbitals with the 
Fermi energy of the metal electrodes [110].  
V. FUNCTIONAL MOLECULAR DEVICES 
A. Charge-based memory 
Redox-active molecules, such as mettalocene, porphyrin 
and triple-decker sandwich coordination compounds attached 
on a silicon substrate have been found to act as charge storage 
molecular devices [111-114]. The molecular memory works 
on the principle of charging and discharging of the molecules 
into different chemically reduced or oxidized (redox) states. It 
has been demonstrated that porphyrins (i) offer the possibility 
of multibit storage at a relatively low potentials (below ~ 1.6 
V), (ii) can undergo trillions of write/read/erase cycles, (iii) 
exhibit charge retention times that are long enough (minutes) 
compared with those of semiconductor DRAM (tens of ms) 
and (iv) are extremely stable under harsh conditions (400°C – 
30 min) and therefore meet the processing and operating 
conditions required for use in hybrid molecule/silicon devices 
[114]. Due to the high density of molecules on the surface (up 
to 1013-1014 cm-2) a high charge density (10-16 µC/cm2) is 
obtained [114] without the need of complicated device 
structures (deep-trench and stacked capacitances) as in 
classical DRAM technologies. The feasibility of a 1Mbit 
hybrid (molecule on CMOS platform) DRAM has been 
demonstrated that uses 1/10th of the capacitor area of 
conventional technology [115]. Moreover, the same principle 
works with semiconducting nanowires dressed with redox 
molecules in a transistor configuration [116-118]. 
Optoelectronic memories have also been demonstrated with 
polymer-functionalized CNT transistors [119, 120]. However, 
in all cases, further investigations on the search of other 
molecules and, understanding the factors that control 
parameters such as, charge transfer rate, which limit write/read 
times, and charge retention times, which determines refresh 
rates, are needed. For instance, the length and the chemical 
nature of the linker between the redox molecule and the 
silicon must be adjusted to tune the electrical properties of the 
device, such as charging and discharging kinetics and 
retention time [121, 122]. 
B. Configurational switch and memory 
One of the most interesting possibilities for molecular 
electronics is to take advantage of the soft nature of organic 
molecules. Upon a given excitation, molecules can undergo 
configurational changes. If two different configurations are 
associated with two different conductivity levels of the 
molecule, this effect can be used to make molecular switches 
and memories. Such an effect is expected in π-conjugated 
oligomers if one of the monomer is twisted away from a 
planar configuration of the molecule. Twisting one monomer 
breaks the conjugation along the backbone, thus reducing the 
charge transfer efficiency along the molecule. It has been 
verified that the conductance follows the expected law 
G=G0cos2θ, where θ is the torsion angle between the 
monomers (Fig. 6) [104, 123]. While the molecules are not 
exactly the same (various lateral substituents are used to 
impose the tilt through stearic hindrance), the intrinsic role of 
these substituents on the electron transport properties of the 
molecule is negligible compared to the configurational change 
of the bi-phenyl backbone [104, 123]. 
 
Catenane and rotaxane are a kind of molecules exhibiting a 
bistable behavior. In brief, these molecules are made of two 
parts, one allowed to move around or along the other one (e.g. 
a ring around a rod, two interlocked rings). These molecules 
adopt two different configurations depending on their redox 
states, changing the redox state triggers the displacement of 
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the mobile part of the structure to minimize the total energy. 
This kind of molecules was tentatively used to build molecular  
 
Fig. 6. a) Bi-phenyl based molecules with different torsion angle between the 
two phenyl rings. b) Measured conductance with the STM break junction 
versus the torsion angle [104]. 
 
 
memories. A voltage pulse of about 1.5 - 2 V was used the 
switch the device from the "off" state to its "on" state. The 
state was read at a low bias (typically 0.1-0.2 V). The on/off 
ratio was about a few tens. A pulse in reverse bias (-1.5 to -2 
V) returned the device to the "off" state. Using these 
molecular devices, Chen and coworkers [32, 33] have 
demonstrated a 64 bits non-volatile molecular memory cross-
bar with an integration density of 6.4 Gbit/cm2 (a factor ~10 
larger than the state-of-the-art today's silicon memory chip). 
The fabrication yield of the 64 bits memory is about 85%, the 
data retention is about 24 h and about 50-100 write/erase 
cycles are possible before the collapse of the on/off ratio to 1. 
Recently a 160 kbit based on the same class of molecules has 
been reported, patterned at a 33 nm pitch (1011 bits/cm2) [124]. 
About 25% of the tested memory points passed an on/off ratio 
larger than 1.5 with an average retention time of ~ 1h. 
However, it has also been observed that similar electrical 
switching behaviors can be obtained without such a class of 
bistable molecules (i.e. using simple alkyl chains instead of 
the rotaxanes) [125]. In this latter case, the switching behavior 
is likely due to the formation and breaking of metallic micro-
filaments introduced though the monolayer during the top 
metal evaporation. The presence of such filaments is not 
systematic and simple techniques, such as the use of a buffer 
film of a conducting PEDOT:PSS polymer, have been 
developed to avoid this “metallic filament” issue (see above, 
section III), however caution has to be taken before to 
definitively ascribe the memory effect as entirely due to the 
presence of the molecules. It is likely that many switching and 
memory effects reported by many authors are just due to some 
metallic filaments effect, that would have been avoided using 
such PEDOT:PSS layer. The advantage of such molecular 
cross-bar memories are i) a low cost, ii) a very high 
integration density, iii) a defect-tolerant architecture, iv) an 
easy post-processing onto a CMOS circuitry and v) a low 
power consumption. For instance, it has been measured that an 
energy of ~50 zJ (or ~ 0.3 eV) is sufficient to rotate the 
dibutyl-phenyl side group of a single porphyrin molecule 
[126]. This is ~104 lower than the energy required to switch a 
state-of-the art MOSFET, and near the kTLn2 (2.8 zJ at 300K, 
or 0.017 eV) thermodynamic limit. 
Alternative technologies for resistive memories [127] 
include, for instance, polymer-based memory [128], 
nanomechanical memory based on NEMS with CNT, 
graphene [129], nanothermal memory such as nanowire PCM 
(phase change memory) [130] using phase transformation 
between amorphous and crystalline phases as in more 
conventional PCM. All these technologies have demonstrated 
data retention times of a few months, and write/erase times in 
the range of ns to ms, the molecular one being the slowest at 
the moment. This is probably not the end of the story; 
chemical reactions (reduction-oxidation, configuration 
switching) of molecules in solution can be fast, and the actual 
limitations likely reflect the lack of device optimization (e.g. 
bad control of molecule-electrode contact, etc…) as discussed 
above. 
 
Another efficient way to trigger a configuration change in a 
molecule is by light. Reversible photoswitching devices were 
demonstrated with diarylethene and azobenzene derivatives 
[131, 132], and open the route for potential applications as 
optical switches in molecular electronics [133-138]. For 
instance, azobenzene molecules show a transition from a more 
thermodynamically stable trans configuration to a cis 
configuration upon exposure to UV light (~ 360 nm), and a 
reversible isomerization under blue light (~ 480 nm). The 
properties of azobenzene in solution (e.g. robust reversible 
photoisomerization, long living states, fast switching) make 
them promising building blocks for molecular-scale devices 
and nanotechnology. The challenge consists in defining 
strategies to use these promising materials at the molecular-
scale on the surface of electrodes for applications as 
molecular-switches and memories for instance.  
It is well known that photoisomerisable molecules need to 
be electronically decoupled from the metal surface to properly 
work, i.e. to reversibly switch between the two isomers. STM 
experiments on a single azobenzene molecule physisorbed on 
gold show that reversible switching is only observed when 
tert-butyl legs lift the molecule up [138]. In several works 
using SAMs, the photoisomerisable molecules are chemically 
attached to the substrate using various spacers: short alkyl 
chains (2 to 6 carbon atoms) [133, 139, 140], ethylene bond 
[137] or phenyl or thiophene moieties [132, 134, 138, 141, 
142]. The role of this linker is crucial. In the case of 
diarylethene, the observation of reversible switching depends 
on its nature (e.g. phenyl vs. thiophene) [142]. Contradictory, 
some authors associate the higher "on" conductance state to 
the trans isomer [133, 137, 140, 143-146], while others 
conclude in favor of the cis form [134, 138, 147]. In all these 
results, the "on/off" conductance ratio is lower than 50 (Fig. 7-
a). Moreover, up to now, azobenzene derivatives do not 
exhibit a clear intrinsic conductance switching. The apparent 
change in the measured conductance has been attributed to a 
change in the length of the molecule during the isomerization 
rather than to an intrinsic conductance switching associated 
with changes in the electronic structure of the molecular 
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junction [134, 138]. Many reasons can explain these results; 
details on the molecular arrangements in the monolayers and 
the nature of the coupling between the molecule and the 
electrode contact are among the most important factors that 
can influence the electrical behavior. For instance, Cuniberti et 
al. [143, 148] showed by first principles calculations that Gtrans 
> Gcis when the azobenzene is chemically linked between two 
carbon nanotube electrodes, while Gcis > Gtrans in case of silicon 
electrodes (Gtrans and Gcis are the conductances of the junction 
for the trans and cis isomers, respectively). Obviously, the 
role of the spacer is also critical. A short spacer should favor 
the electron transfer rate through the junction and increases its 
conductance, while a longer spacer could improve the 
decoupling of the azobenzene moiety from the substrate, thus 
allowing a larger dynamic of the switching event, and thus a 
larger "on/off" conductance ratio. 
 
Fig. 7. Current-voltage curves (C-AFM measurements) of the SAM of two 
types of azobenzene derivatives in the trans and cis conformations: a) Ref. 
[134] b) Refs. [149, 150]. 
 
Recently, we reported the synthesis and the electrical 
properties of a new molecular switch in which the azobenzene 
moiety is linked to a bithiophene spacer and a short (4 carbon 
atoms) alkanethiol [149, 150]. Such a design is expected to 
combine the benefit of a rather long spacer, while preserving a 
sufficiently high level of current due to the presence of 
electron-rich bithiophene unit (compared to a fully saturated 
spacer with the same length). A record on/off ratio up to 7x103 
between the cis ("on") and trans ("off") configurations was 
demonstrated (Fig. 7-b). The analysis of these results using 
well-established electron transport models and molecular 
frontier orbitals from first principles DFT calculations 
indicates that this high photo-induced on/off ratio results from 
a synergistic combination of SAM thickness variation and 
modification of the energy offset between the lowest 
unoccupied molecular orbital (LUMO) and the electrode 
Fermi energy. Moreover, these azobenzene derivatives can 
switch their configuration with the top electrode deposited on 
the SAM [138] and they can have switching times ~ 1-10 µs 
comparable to molécules in solution [150], thus they are prone 
for solid-state molecular switch devices for low-demanding, 
low-cost applications. 
C. Molecular transistors 
A true transistor effect (i.e. the current through 2 terminals 
of the device controlled by the signal applied on a third 
terminal) embedded in a single three-terminal molecule (e.g. a 
star-shaped molecule) has not been yet demonstrated. Up to 
date, only hybrid-transistor devices have been studied. The 
typical configuration consists of a single molecule or an 
ensemble of molecules (monolayer) connected between two 
source and drain electrodes separated by a nanometer-scale 
gap, separated from an underneath gate electrode by a thin 
dielectric film (Fig. 8). 
 
Fig.  8. Scheme of two molecular-based transistors, with a single molecule 
(left) [151] and with a self-assembled monolayers (right) [78]. 
 
At a single molecule level (single-molecule transistor), 
these devices have been used to study Coulomb blockade 
effects and Kondo effects at very low temperature. For 
instance, Coulomb blockade (electron flowing one-by-one 
between source and drain through the molecule due to 
electron-electron Coulomb repulsion, the molecule acting as a 
quantum dot) was observed for molecules such as fullerene 
(C60) and oligo-phenyl-vinylene (OPV) weakly coupled to the 
source-drain electrodes.[152, 153] In this latter case, up to 8 
successive charge states of the molecule have been observed 
[153]. With organo-metallic molecules bearing a transition 
metal, such as Cobalt terpiridynil complex and divanadium 
complex, Kondo resonance (formation of a bound state 
between a local spin on the molecule, or an island, or a 
quantum dot, and the electrons in the electrodes leading to an 
increase of the conductance at low bias, around zero volt) has 
also been observed in addition to Coulomb blockade.[83, 84] 
Kondo resonance is observed when increasing the coupling 
between the molecule and the electrodes (for instance by 
changing the length of the insulating tethers between the metal 
ion and the electrodes). Using such hybrid silicon-molecule 
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transistor configuration, it was recently shown that it is 
possible to electrostatically modulate the current through the 
molecule by gating the molecular orbital with the underneath 
Si gate [154]. This hybrid silicon-molecule transistor 
configuration is also suitable to study and control the spin 
states and spin transport through molecules [151, 155-158]. 
At a monolayer level, self-assembled monolayer field-effect 
transistors (SAMFET) have been demonstrated at room 
temperature.[78, 159] The transistor effect is observed only if 
the source and drain length is lower than about 50 nm, that is, 
more or less matching the size of domains with well organized 
molecules in the monolayer. This is mandatory to enhance π 
stacking within the monolayer and to obtain a measurable 
drain current. SAM of tetracene, [159] terthiophene and 
quaterthiophene [78] derivatives have been formed in this 
nano-gap. Under this condition, a field effect mobility of about 
3.5x10-3 cm2V-1s-1 was measured for a SAMFET made with a 
quaterthiophene (4T) moiety linked to a short alkyl chain 
(octanoic acid) grafted on a thin aluminum oxide dielectric. 
This value is on a par with those reported for organic transistor 
made of thicker films of evaporated 4T (10-3 to 10-2 cm2V-1s-1) 
[78]. The on/off ratio was about 2x104. For some devices, a 
clear saturation of the drain current vs. drain voltage curve has 
been observed, but usually, these output characteristics display 
a super linear behavior. This feature has been explained by a 
gate-induced lowering of the charge injection energy barrier at 
the source/organic channel interface.[76]. Recently, 
improvements in the fabrication and control of the structural 
organization of the molecules within the SAM have allowed 
extending this concept to 40 µm channel length SAMFET 
with improved mobility of 4x10-2 cm2V-1s-1 [160]. Such 
molecular devices are suitable for large area, flexible 
electronics, and a 15-bit code generator has been demonstrated 
with hundreds of SAMFETs addressed simultaneously. 
VI. CONCLUSION 
This review describes several functions and devices that 
have been studied at the molecular scale. However, a better 
understanding and further improvements of their electronic 
properties are still mandatory and need to be confirmed. These 
results often suffer from lab-to-lab dispersion and more efforts 
are now required to improve reproducibility and repeatability. 
For viable applications, more efforts are also mandatory to test 
the integration of molecular devices with silicon-CMOS 
electronics (hybrid molecular-CMOS nanoelectronics). 
Moreover most of these devices are 2-terminals, a true/fully 
molecular 3-terminals device is still lacking. We have also 
pointed out that the molecule-electrode coupling and 
conformation strongly modify the molecular-scale device 
properties. Molecular engineering (changing ligand atoms for 
example) may be used to improve or adjust the electrode-
molecule coupling. Albeit, many improvements have been 
recently obtained, a better control of the interface (energetics 
and atomic conformation) is still compulsory. Beyond the 
study of single or isolated devices, more works towards 
molecular architectures and circuits are required. Albeit not 
exclusive for molecular electronics, more new architectures 
must be explored (e.g. non von Neuman, neuronal and 
quantum computing…). For instance, the simplest instance of 
Shor's algorithm: factorization of N = 15, was implemented 
using seven spin-1/2 nuclei in a molecule as quantum bits 
[161], and other theoretical works investigate the possible use 
of molecules for quantum computing [162, 163]. Also, 
molecules, CNT and nanoparticles are suitable objects for the 
implementation of neuro-inspired devices [164, 165]. Open 
questions also concern the right approaches for inter-
molecular device connections and nano-to-micro connections, 
the interface with the outer-world, hybridation with CMOS 
and 3D integration [166-170]. Beyond the CMOS probably 
asks to bet on devices non-based on the electron charge. 
Molecular devices using other state variables (e.g. spin, 
molecule configuration,…) to code a logic state are still 
challenging and exciting objectives. 
ACKNOWLEDGMENT 
I thanks my colleagues, S. Lenfant, D. Guérin, N. Clément, 
S. Pleutin, from the "molecular nanostructures and devices" 
group at IEMN, and many others outside our group for fruitful 
collaborations and discussions. 
REFERENCES  
[1] B. Mann and H. Kuhn, "Tunneling through fatty acid salt 
monolayers," J. Appl. Phys., vol. 42, pp. 4398-4405, 1971. 
[2] A. Aviram and M. A. Ratner, "Molecular rectifiers," Chem. Phys. 
Lett., vol. 29, pp. 277-283, 1974. 
[3] J.-M. Lehn, "Supramolecular chemistry-scope and perpspectives. 
Molecules, supermolecules and molecular devices (Nobel 
lecture)," Angew. Chem. Int. Ed. Engl., vol. 27, pp. 89-112, 1988. 
[4] A. Ulman, An introduction to ultrathin organic films : from 
Langmuir-Blodgett to Self-assembly. Boston: Academic press, 
1991. 
[5] M. Bruening, et al., "Polar ligand adsorption controls 
semiconductor surface potentials," J. Am. Chem. Soc., vol. 116, pp. 
2972-2977, 1994. 
[6] R. Cohen, et al., "Controlling surfaces and interfaces of 
semiconductors using organic molecules," Optical Mat., vol. 9, pp. 
394-400, 1998. 
[7] R. Cohen, et al., "Molecular electronic tuning of Si surfaces," 
Chem. Phys. Lett., vol. 279, pp. 270-274, 1997. 
[8] R. Compano, et al., "Technology roadmap for nanoelectronics," 
European Commission, IST proramme, Future and Emerging 
Technologies, Brussel2000. 
[9] C. Joachim, et al., "Electronics using hybrid-molecular and 
monomolecular devices," Nature, vol. 408, pp. 541-548, 2000. 
[10] F. Schreiber, "Structure and growth of self-assembling 
monolayers," Progress in Surf. Sci., vol. 65, pp. 151-256, 2000. 
[11] W. C. Bigelow, et al., "Oleophobic monolayers: I. Films adsorbed 
from solution in non-polar liquids.," J. Colloid Sci., vol. 1, pp. 513-
538, 1946. 
[12] R. Maoz and J. Sagiv, "On the formation and structure of self-
assembling monolayers," J. Colloid and Interface Sciences, vol. 
100, pp. 465-496, 1984. 
[13] J. B. Brzoska, et al., "Evidence of a transition temperature for 
optimum deposition of grafted monolayer coatings," Nature, vol. 
360, pp. 719-721, 1992. 
[14] J. B. Brzoska, et al., "Silanization of solid substrates : a step 
toward reproducibility," Langmuir, vol. 10, pp. 4367-4373, 1994. 
[15] D. L. Allara, et al., "Evidence for a unique chain organization in 
long chain silane monolayers deposited on two widely different 
solid substrates," Langmuir, vol. 11, pp. 2357-2360, 1995. 
[16] A. N. Parikh, et al., "An intrinsic relationship between molecular 
structure in self-assembled n-alkylsiloxane monolayers and 
Proceedings of the IEEE, 2010 
 
9 
deposition temperature," J. Phys. Chem., vol. 98, pp. 7577-7590, 
1994. 
[17] G. K. Ramachandran, et al., "A bond-fluctuation mechanism for 
stochastic switching in wired molecules," Science, vol. 300, pp. 
1413-1416, 2003. 
[18] Z. J. Donhauser, et al., "Conductance switching in single 
molecules through conformational changes," Science, vol. 292, pp. 
2303-2307, 2001. 
[19] Z. J. Donhauser, et al., "Matrix-mediated control of stochastic 
single molecule conductance switching," Jpn. J. Appl. Phys., vol. 
41, pp. 4871-4877, 2002. 
[20] L. Patrone, et al., "Role of S-Au labile bonding in stochastic 
switching of molecular conductance studied by STM," Phys. Stat. 
Sol. (a), vol. in press, 2010. 
[21] J. L. Pitters and R. A. Wolkow, "Detailled studies of molecular 
conductance using atomic resolution scanning tunneling 
microscopy," Nano Lett., vol. 6, pp. 390-397, 2006. 
[22] G. J. Ashwell, et al., "Rectifying characteristics of Mg/(C16H33-
Q3CNQ LB film)/Pt structures," J. Chem. Soc., Chem. Commun., 
vol. 19, pp. 1374-1376, 1990. 
[23] N. J. Geddes, et al., "Organic molecular rectifiers," Adv. Materials 
for optics and electronics, vol. 5, pp. 305-320, 1995. 
[24] A. S. Martin, et al., "Molecular rectifier," Phys. Rev. Lett., vol. 70, 
pp. 218-221, 1993. 
[25] R. M. Metzger, et al., "Unimolecular electrical rectification in 
hexadecyquinolinium tricyanoquinodimethanide," J. Am. Chem. 
Soc., vol. 119, pp. 10455-10466, 1997. 
[26] D. Vuillaume, et al., "Electron transfer through a monolayer of 
hexadecylquinolinium tricyanoquinodimethanide," Langmuir, vol. 
15, pp. 4011-4017, 1999. 
[27] T. Xu, et al., "Rectification by a monolayer of 
hexadecylquinolinium tricyanoquinodimethanide between gold 
electrodes," Angew. Chem. Int. Ed. Engl., vol. 40, pp. 1749-1752, 
2001. 
[28] R. M. Metzger, et al., "Electrical Rectification by a Monolayer of 
Hexadecylquinolinium Tricyanoquinodimethanide Measured 
between Macroscopic Gold Electrodes," J. Phys. Chem. B, vol. 
105, pp. 7280-7290, 2001. 
[29] C. P. Collier, et al., "Electronically configurable moleculer-based 
logic gates," Science, vol. 285, pp. 391-394, 1999. 
[30] C. P. Collier, et al., "A [2]catenane-based solid state electronically 
reconfigurable switch," Science, vol. 289, pp. 1172-1175, 2000. 
[31] A. R. Pease, et al., "Switching devices based on interlocked 
molecules," Acc. Chem. Res., vol. 34, pp. 433-444, 2001. 
[32] Y. Chen, et al., "Nanoscale molecular-switch crossbar circuits," 
Nanotechnology, vol. 14, pp. 462-468, 2003. 
[33] Y. Chen, et al., "Nanoscale molecular-switch devices fabricated by 
imprint lithography," Appl. Phys. Lett., vol. 82, pp. 1610-1612, 
2003. 
[34] L. A. Bumm, et al., "Electron transfer through organic molecules," 
J. Phys. Chem. B, vol. 103, pp. 8122-8127, 1999. 
[35] A. P. Labonté, et al., "Scanning tunneling spectroscopy of 
insulating self-assembled monolayers on Au(111)," J. Phys. Chem. 
B, vol. 106, pp. 8721-8725, 2002. 
[36] B. Xu and N. J. Tao, "Measurement of single-molecule resistance 
by repeated formation of molecular junctions," Science, vol. 301, 
pp. 1221-1223, 2003. 
[37] D. J. Wold and C. D. Frisbie, "Formation of metal-molecule-metal 
tunnel junctions: Microcontacts to alkanethiol monolayers with a 
conducting AFM tip," J. Am. Chem. Soc., vol. 122, pp. 2970-2971, 
2000. 
[38] D. J. Wold and C. D. Frisbie, "Fabrication and characterization of 
metal-molecule-metal junctions by conducting probe atomic force 
microscopy," J. Am. Chem. Soc., vol. 123, pp. 5549-5556, 2001. 
[39] D. J. Wold, et al., "Distance dependence of electron tunneling 
through self-assembled monolayers measured by conducting probe 
atomic force microscopy: unsaturated versus saturated molecular 
junctions," J. Phys. Chem. B, vol. 106, pp. 2813-2816, 2002. 
[40] K.-A. Son, et al., "Role of stress on charge transfer through self-
assembled alkanethiol monolayers on Au," Phys. Rev. Lett., vol. 
86, pp. 5357-5360, 2001. 
[41] F. Moresco, et al., "Conformational changes of single molecules 
indiuced by scanning tunneling microscopy manipulation: A route 
to molecular switching," Phys. Rev. Lett., vol. 86, pp. 672-675, 
2001. 
[42] R. E. Holmlin, et al., "Electron transport through thin organic films 
in metal-insulator-metal junctions based on self-assembled 
monolayers," J. Am. Chem. Soc., vol. 123, pp. 5075-5085, 2001. 
[43] M. A. Rampi, et al., "Alkanethiol self-assembled monolayers as 
the dielectric of capacitors with nanoscale thickness," Appl. Phys. 
Lett., vol. 72, pp. 1781-1783, 1998. 
[44] Y. Selzer, et al., "Effect of molecule-metal electronic coupling on 
through-bond hole tunneling across metal-organic monolayer-
semiconductor junctions," J. Am. Chem. Soc., vol. 124, pp. 2886-
2887, 2002. 
[45] Y. Selzer, et al., "The importance of chemical bonding to the 
contact for tunneling through alkyl chains," J. Phys. Chem. B, vol. 
106, pp. 10432-10439, 2002. 
[46] R. C. Chiechi, et al., "Eutectic Gallium-Indium (EGaIn): A 
Moldable Liquid Metal for Electrical Characterization of Self-
Assembled Monolayers13," Angewandte Chemie International 
Edition, vol. 47, pp. 142-144, 2008. 
[47] D. Dulic, et al., "Controlled Stability of Molecular Junctions," 
Angew. Chem. Int. Ed. Engl., vol. 48, pp. 8273-8276, 2009. 
[48] M. A. Reed, et al., "Conductance of a molecular junction," 
Science, vol. 278, pp. 252-254, 1997. 
[49] C. Kergueris, et al., "Electron transport through a metal-molecule-
metal junction," Phys. Rev. B, vol. 59, pp. 12505-12513, 1999. 
[50] J. Reichert, et al., "Driving current through single organic 
molecules," Phys. Rev. Lett., vol. 88, p. 176804, 2002. 
[51] H. B. Weber, et al., "Electronic transport through single 
conjugated molecules," Chemical Physics, vol. 281, pp. 113-125, 
2002. 
[52] M. Elbing, et al., "A single-molecule diode," Proc. Natl. Acad. Sci. 
USA, vol. 102, pp. 8815-8820, 2005. 
[53] J. Reichert, et al., "Low-temperature conductance measurements 
on single molecules," Appl. Phys. Lett., vol. 82, pp. 4137-4139, 
2003. 
[54] T. Dadosh, et al., "Measurement of the conductance of single 
conjugated molecules," Nature, vol. 436, pp. 677-680, 2005. 
[55] X. D. Cui, et al., "Reproductible measurement of single-molecule 
conductivity," Science, vol. 294, pp. 571-574, 2001. 
[56] D. P. Long, et al., "Magnetic directed assembly of molecular 
junctions," Appl. Phys. Lett., vol. 86, p. 153105, 2005. 
[57] H. Haick and D. Cahen, "Making contact: Connecting molecules 
electrically to the macroscopic world," Progress in Surf. Sci., vol. 
83, pp. 217-261, 2008. 
[58] G. C. Herdt and A. W. Czanderna, "Metal overlayer on organic 
functional groups of self-organized molecular assemblies. V. Ion 
scattering spectroscopy and x-ray photoelectron spectroscopy of 
Ag/COOH interfaces," J. vac. Sci. Technol., vol. A13, pp. 1275-
1280, 1995. 
[59] D. R. Jung and A. W. Czanderna, "Chemical and physical 
interactions at metal/self-assembled organic monolayer interfaces," 
Critical Reviews in Solid State and Materials Sciences, vol. 191, 
pp. 1-54, 1994. 
[60] D. R. Jung, et al., "Interactions and penetration at metal/self-
assembled organic monolayer interfaces," J. Vac. Sci. Technol.    
A, vol. 14, pp. 1779-1787, 1996. 
[61] G. L. Fisher, et al., "The interaction of vapor-deposited Al atoms 
with COOH groups at the surface of a self-assembled 
alkanethiolate monolayer on gold," J. Phys. Chem. B, vol. 104, pp. 
3267-3273, 2000. 
[62] G. L. Fisher, et al., "Bond insertion, complexation and penetration 
pathways of vapor-deposited aluminium atoms with HO- and 
CH3O-terminated organic monolayers," J. Am. Chem. Soc., vol. 
124, pp. 5528-5541, 2002. 
[63] K. Konstadinidis, et al., "An in-situ X-ray photoelectron study of 
the interaction between vapor-deposited Ti atoms and functional 
groups at the surfaces of self-assembled monolayers," Surf. Sci., 
vol. 338, pp. 300-312, 1995. 
[64] S. Lenfant, et al., "Electron transport through rectifying self-
assembled monolayer diodes on silicon : Fermi level pinning at the 
molecule - metal interface," J. Phys. Chem. B, vol. 110, pp. 13947-
13958, 2006. 
[65] D. K. Aswal, et al., "A tunnel current in self-assembled 
monolayers of  3-mercaptopropyltrimethoxysilane," Small, vol. 1, 
pp. 725-729, 2005. 
[66] D. Cahen, et al., "Energetics of molecular interfaces," Materials 
Today, vol. July/August, pp. 32-41, 2005. 
Proceedings of the IEEE, 2010 
 
10 
[67] A. Kahn, et al., "Electronic structure and electrical properties of 
interfaces between metals and pi-conjugated molecular films," J. 
Polymer Sci.: Part B: Polymer Phys., vol. 41, pp. 2529-2548, 
2003. 
[68] N. Okazaki and J. R. Sambles, "New fabrication technique and 
current-voltage properties of a Au/LB/Au structure," in 
International symposium on organic molecular electronics, 
Nagoya, Japan, 2000, pp. 66-67. 
[69] Y.-L. Loo, et al., "Electrical contacts to molecular layers by 
nanotransfer printing," Nano Lett., vol. 3, pp. 913-917, 2003. 
[70] Y. Xia and G. M. Whitesides, "Soft lithography," Angew. Chem. 
Int. Ed. Engl., vol. 37, pp. 550-575, 1998. 
[71] D. Guerin, et al., "Silicon-molecules-metal junctions by transfer 
printing: Chemical synthesis and electrical properties," Journal of 
Physical Chemistry C, vol. 111, pp. 7947-7956, 2007. 
[72] Y.-L. Loo, et al., "Interfacial chemistries for nanoscale transfer 
printing," J. Am. Chem. Soc., vol. 124, pp. 7654-7655, 2002. 
[73] A. Vilan and D. Cahen, "Soft contact deposition onto molecularly 
modified GaAs. Thin metal film flotation: principles and electrical 
effects," Adv. Func. Mater., vol. 12, pp. 795-807, 2002. 
[74] H. B. Akkerman, et al., "Towards molecular electronics with large-
area molecular junctions," Nature, vol. 441, pp. 69-72, 2006. 
[75] J. He, et al., "Metal-free silicon-molecule-nanotube testbed and 
memory device," Nature Materials, vol. 5, pp. 63-68, 2006. 
[76] J. Collet, et al., "Low-voltage, 30 nm channel length, organic 
transistors with a self-assembled monolayer as gate insulating 
films," Appl. Phys. Lett., vol. 76, pp. 1941-1943, 2000. 
[77] J. Collet and D. Vuillaume, "Nano-field effect transistor with an 
organic self-assembled monolayer as gate insulator," Applied 
Physics Letters, vol. 73, pp. 2681-2683, Nov 1998. 
[78] M. Mottaghi, et al., "Low-operating-voltage organic transistors 
made of bifunctional self-assembled monolayers," Adv. Func. 
Mater., vol. 17, pp. 597-604, 2007. 
[79] S. Cholet, et al., "Fabrication of co-planar metal-insulator-metal 
solid state nanojunction down to 5 nm," Eur. Phys. J. Appl. Phys., 
vol. 8, pp. 139-145, 1999. 
[80] A. Bezryadin and C. Dekker, "Nanofabrication of electrodes with 
sub-5nm spacing for transport experiments on single molecules 
and metal clusters," J. Vac. Sci. Technol. B, vol. 15, pp. 793-799, 
1997. 
[81] M. A. Guillorn, et al., "Fabrication of disimilar metal electrodes 
with nanometer interelectrode distance for molecular electronic 
device characterization," J. Vac. Sci. Technol. B, vol. 18, pp. 1177-
1181, 2000. 
[82] H. Park, et al., "Fabrication of metallic electrodes with nanometer 
separation by electromigration," Appl. Phys. Lett., vol. 75, pp. 301-
303, 1999. 
[83] W. Liang, et al., "Kondo effect in a single-molecule transistor," 
Nature, vol. 417, pp. 725-729, 2002. 
[84] J. Park, et al., "Coulomb blockade adn the Kondo effect in single-
atom transistors," Nature, vol. 417, pp. 722-725, 2002. 
[85] S. Boussaad and N. J. Tao, "Atom-size gaps and contacts between 
electrodes fabricated with a self-terminated electrochemical 
method," Appl. Phys. Lett., vol. 80, pp. 2398-2400, 2002. 
[86] C. Z. Li, et al., "Quantized tunneling current in the metallic 
nanogaps formed by electrodeposition and etching," Appl. Phys. 
Lett., vol. 77, pp. 3995-3997, 2000. 
[87] Y. V. Kervennic, et al., "Nanometer-spaced electrodes with 
calibrated separation," Appl. Phys. Lett., vol. 80, pp. 321-323, 
2002. 
[88] X. Guo, et al., "Covalently bridging gaps in single-walled carbon 
nanotubes with conducting molecules," Science, vol. 311, pp. 356-
359, 2006. 
[89] X. Guo, et al., "Single-molecule devices as scaffolding for 
multicomponent nanostructure assembly," Nano Lett., vol. 7, pp. 
1119-1122, 2007. 
[90] A. M. Bratkovsky and P. E. Kornilovitch, "Effects of gating and 
contact geometry on current through conjugated molecules 
covalently bonded to electrodes," Physical Review B, vol. 67, p. 
115307, 2003. 
[91] M. Di Ventra and N. D. Lang, "Transport in nanoscale conductors 
from first principles," Phys. Rev. B, vol. 65, p. 045402, 2001. 
[92] S. N. Yaliraki, et al., "Conductance of molecular wires: Influence 
of molecule-electrode binding," J. Am. Chem. Soc., vol. 121, pp. 
3428-3434, 1999. 
[93] L. Patrone, et al., "Direct comparison of the electronic coupling 
efficiency of sulfur and selenium anchoring groups for molecules 
adsorbed onto gold electrodes," Chemical Physics, vol. 281, pp. 
325-332, 2002. 
[94] L. Patrone, et al., "Direct comparison of the electronic coupling 
efficiency of sulfur and selenium alligator clips for molecules 
adsorbed onto gold electrodes," Appl. Surf. Sci., vol. 212, pp. 446-
451, 2003. 
[95] L. Venkataraman, et al., "Single-molecule circuits with well-
defined molecular conductance," Nano Lett., vol. 6, pp. 458-462, 
2006. 
[96] F. Chen, et al., "Effect of anchoring groups on single-molecule 
conductance: comparative study of thiom-, amine-, and carboxylic-
acid-terminated molecules," J. Am. Chem. Soc., vol. 128, pp. 
15874-15881, 2006. 
[97] C. Joachim and M. A. Ratner, "Molecular electronics: some views 
on transport junctions and beyond," Proc. Natl. Acad. Sci. USA, 
vol. 102, pp. 8801-8808, 2005. 
[98] A. Nitzan and M. A. Ratner, "Electron transport in molecular wire 
junctions," Science, vol. 300, pp. 1384-1389, 2003. 
[99] K. Moth-Poulsen and T. Bjornholm, "Molecular electronics with 
single molecules in solid-state devices," Nat Nano, vol. 4, pp. 551-
556, 2009. 
[100] M. Kiguchi, et al., "Highly Conductive Molecular Junctions Based 
on Direct Binding of Benzene to Platinum Electrodes," Physical 
Review Letters, vol. 101, p. 046801, 2008. 
[101] A. Danilov, et al., "Electronic Transport in Single Molecule 
Junctions: Control of the Molecule-Electrode Coupling through 
Intramolecular Tunneling Barriers," Nano Lett., vol. 8, pp. 1-5, 
2008. 
[102] A. Salomon, et al., "Comparison of electronic transport 
measurements on organic molecules," Adv. Mat., vol. 15, pp. 1881-
1890, 2003. 
[103] N. J. Tao, "Electron transport in molecular junctions," Nature 
Nanotechnol., vol. 1, pp. 173-181, 2006. 
[104] L. Venkataraman, et al., "Dependence of single molecule junction 
conductance on molecular conformation," Nature, vol. 442, pp. 
904-907, 2006. 
[105] O. Tal, et al., "Molecular signature of highly conductive metal-
molecule-metal junctions," Phys. Rev. B, vol. 80, p. 085427, 2009. 
[106] N. Tuccitto, et al., "Highly conductive 40 nm long molecular wires 
assembled by stepwise incorporation of metal centers," Nature 
Materials, vol. 8, pp. 41-46, 2009. 
[107] M. Haga, et al., "Fabrication and functions of surface 
nanomaterials based on multilayered or nanoarrayed assembly of 
metal complexes," Coord. Chem. Rev., vol. 251, pp. 2688-2701, 
2007. 
[108] Y. Wu, et al., "Single-crystal metallic nanowires and 
metal/semiconductor nanowire heterostructures," Nature, vol. 430, 
pp. 61-65, 2004. 
[109] C. Wang, et al., "Oligoyne single molecule wires," J. Am. Chem. 
Soc., vol. 131, pp. 15647-15654, 2009. 
[110] G. Heimel, et al., "Doping molecular wires," Nano Lett., vol. 9, pp. 
2559-2564, 2009. 
[111] Q. Li, et al., "Capacitance and conductance characterization of 
ferrocene-containing self-assembled monolayers on silicon 
surfaces for memory applications," Appl. Phys. Lett., vol. 81, pp. 
1494-1496, 2002. 
[112] K. M. Roth, et al., "Characterization of charge storage in redox-
active self-assembled monolayers," Langmuir, vol. 18, pp. 4030-
4040, 2002. 
[113] K. M. Roth, et al., "Measurements of electron-transfer rates of 
charge-storage molecular monolayers on Si(100). Towards hybrid 
molecular/semiconductor information storage devices," J. Am. 
Chem. Soc., vol. 125, pp. 505-517, 2003. 
[114] Z. Liu, et al., "Molecular memories that survive silicon device 
processing and real-world operation," Science, vol. 302, pp. 1543-
1545, 2003. 
[115] W. G. Kuhr, et al., "Molecular memories based on CMOS 
platform," Mat. Res. Soc. Bulletin, vol. 29, pp. 838-842, 2004. 
[116] X. Duan, et al., "Nonvolatile memory and programmable logic 
from molecule-gated nanowires," Nano Lett., vol. 2, pp. 487-490, 
2002. 
[117] C. Li, et al., "Multilevel memory based on molecular devices," 
Appl. Phys. Lett., vol. 64, pp. 1949-1951, 2004. 
Proceedings of the IEEE, 2010 
 
11 
[118] C. Li, et al., "Data storage studies on nanowire transistors with 
self-assembled phorphyrin molecules," J. Phys. Chem. B, vol. 108, 
pp. 9646-9649, 2004. 
[119] J. Borghetti, et al., "Optoelectronic switch and memory devices 
based on polymer-functionalized carbon nanotube transistors," 
Advanced Materials, vol. 18, pp. 2535-2540, 2006. 
[120] A. Star, et al., "Nanotube optoelectronic memory devices," Nano 
Lett., vol. 4, pp. 1587-1591, 2004. 
[121] K. Huang, et al., "Ferrocene and Porphyrin Monolayers on Si(100) 
Surfaces: Preparation and Effect of Linker Length on Electron 
Transfer," ChemPhysChem, vol. 10, pp. 963-971, 2009. 
[122] T. Pro, et al., "Investigation of hybrid molecular/silicon memories 
with redox-active molecules acting as storage media.," IEEE 
Trans. Nanotechnol., vol. 8, pp. 204-213, 2009. 
[123] D. Vonlanthen, et al., "Chemically Controlled Conductivity: 
Torsion-Angle Dependence in a Single-Molecule Biphenyldithiol 
Junction," Angewandte Chemie International Edition, vol. 48, pp. 
8886-8890, 2009. 
[124] J. E. Green, et al., "A 160-kilobit molecular electronic memory 
patterned at 1011 bits per square centimeter," Nature, vol. 445, pp. 
414-417, 2007. 
[125] D. R. Stewart, et al., "Molecule-independent electrical switching in 
Pt/organic monolayer/Ti devices," Nano Lett., vol. 4, pp. 133-136, 
2004. 
[126] C. Loppacher, et al., "Direct determination of the energy required 
to operate a single molecule switch," Phys. Rev. Lett., vol. 90, p. 
066107, 2003. 
[127] ITRS, "Emerging research devices," 2009. 
[128] J. C. Scott and L. D. Bozano, "Nonvolatile memory elements based 
on organic materials," Adv. Mat., vol. 19, pp. 1452-1463, 2007. 
[129] T. Rueckes, et al., "Carbon Nanotube-Based Nonvolatile Random 
Access Memory for Molecular Computing," Science, vol. 289, pp. 
94-97, 2000. 
[130] B. Yu, et al., "Chalcogenide-nanowire-based phase change 
memory," IEEE Trans. Nanotechnol., vol. 7, pp. 496-502, 2008. 
[131] N. Katsonis, et al., "Synthetic light-activated molecular switches 
and motors on surfaces," Progress in Surf. Sci., vol. 82, pp. 407-
434, 2007. 
[132] A. J. Kronemeijer, et al., "Reversible conductance switching in 
molecular devices," Adv. Mat., vol. 20, pp. 1467-1473, 2008. 
[133] A. S. Kumar, et al., "Reversible Photo-Switching of Single 
Azobenzene Molecules in Controlled Nanoscale Environments," 
Nano Lett., vol. 8, pp. 1644-1648, 2008. 
[134] J. M. Mativetsky, et al., "Azobenzenes as Light-Controlled 
Molecular Electronic Switches in Nanoscale Metal-Molecule-
Metal Junctions," J. Am. Chem. Soc., vol. 130, pp. 9192-9193, 
2008. 
[135] Y. Wen, et al., "Photochemical-Controlled Switching Based on 
Azobenzene Monolayer Modified Silicon (111) Surface," The 
Journal of Physical Chemistry B, vol. 109, pp. 14465-14468, 2005. 
[136] C. L. Feng, et al., "Surface arrangement of azobenzene moieties in 
two different azobenzene-derived Langmiur-Blodgett films," 
Surface and Interface Analysis, vol. 38, pp. 1343-1347, 2006. 
[137] X. Zhang, et al., "Molecularly Controlled Modulation of 
Conductance on Azobenzene Monolayer-Modified Silicon 
Surfaces," J. Phys. Chem. C, vol. 112, pp. 8288-8293, 2008. 
[138] V. Ferri, et al., "Light-powered electrical sitch based on cargo-
lifting azobenzene monolayers," Angew. Chem. Int. Ed. Engl., vol. 
47, pp. 3407-3409, 2008. 
[139] M. Suda, et al., "Reversible Phototuning of the Large Anisotropic 
Magnetization at the Interface between a Self-Assembled 
Photochromic Monolayer and Gold," Journal of the American 
Chemical Society, vol. 131, pp. 865-870, 2008. 
[140] P. Ahonen, et al., "Photoswitching electron transport properties of 
an azobenzene containing thiol-SAM," Phys. Chem. Chem. Phys., 
vol. 9, pp. 4898-4901, 2007. 
[141] N. Katsonis, et al., "Reversible conductance switching of single 
diarylethenes on a gold surface," Adv. Mat., vol. 18, pp. 1397-
1400, 2006. 
[142] D. Dulic, et al., "One-Way Optoelectronic Switching of 
Photochromic Molecules on Gold," Physical Review Letters, vol. 
91, p. 207402, 2003. 
[143] M. del Valle, et al., "Tuning the conductance of a molecular 
switch," Nat Nano, vol. 2, pp. 176-179, 2007. 
[144] C. Zhang, et al., "Coherent Electron Transport through an 
Azobenzene Molecule: A Light-Driven Molecular Switch," 
Physical Review Letters, vol. 92, p. 158301, 2004. 
[145] C. Zhang, et al., "Current-voltage characteristics through a single 
light-sensitive molecule," Physical Review B (Condensed Matter 
and Materials Physics), vol. 73, pp. 125445-5, 2006. 
[146] S. Yasuda, et al., "Phase Switching of a Single Isomeric Molecule 
and Associated Characteristic Rectification," Journal of the 
American Chemical Society, vol. 125, pp. 16430-16433, 2003. 
[147] M. J. Comstock, et al., "Reversible photomechanical switching of 
individual engineered molecules at a metallic surface," Phys. Rev. 
Lett., vol. 99, p. 038301, 2007. 
[148] D. Nozaki and G. Cuniberti, "Silicon-based molecular switch 
junctions," Nano Res., vol. 2, pp. 648-659, 2009. 
[149] S. Karpe, et al., "Oligothiophene-derivatized azobenzene as 
immobilized photoswitchable conjugated systems," Chemical 
Communications, vol. 46, pp. 3657-3659, 2010. 
[150] K. Smaali, et al., "High on-off conductance switching ratio in 
optically-driven self-assembled conjugated molecular systems," 
ACS Nano, vol. 4, pp. 2411-2421, 2010. 
[151] N. Roch, et al., "Quantum phase transition in a single-molecule 
quantum dot," Nature, vol. 453, pp. 633-637, 2008. 
[152] H. Park, et al., "Nanomechanical oscillations in a single-C60 
transistor," Nature, vol. 407, pp. 57-60, 2000. 
[153] S. Kubatkin, et al., "Single-electron transistor of a single organic 
molecule with access to several redox states," Nature, vol. 425, pp. 
698-701, 2003. 
[154] H. Song, et al., "Observation of molecular orbital gating," Nature, 
vol. 462, pp. 1039-1043, 2009. 
[155] N. Roch, et al., "Observation of the Underscreened Kondo Effect 
in a Molecular Transistor," Physical Review Letters, vol. 103, pp. 
197202-4, 2009. 
[156] J. E. Grose, et al., "Tunnelling spectra of individual magnetic 
endofullerene molecules," Nature Materials, vol. 7, pp. 884-889, 
2008. 
[157] J. R. Petta, et al., "Spin-dependent transport in molecular tunnel 
junctions," Phys. Rev. Lett., vol. 93, p. 136601, 2004. 
[158] L. Bogani and W. Wernsdorfer, "Molecular spintronics using 
single-molecule magnets," Nature Materials, vol. 7, pp. 179-186, 
2008. 
[159] G. S. Tulevski, et al., "Attaching organic semiconductors to gate 
oxides: in situ assembly of monolayer field effect transistors," J. 
Am. Chem. Soc., vol. 126, pp. 15048-15050, 2004. 
[160] E. C. P. Smits, et al., "Bottom-up organic integrated circuits," 
Nature, vol. 455, pp. 956-959, 2008. 
[161] L. M. K. Vandersypen, et al., "Experimental realization of Shor's 
quantum factoring algorithm using nuclear magnetic resonance," 
Nature, vol. 414, pp. 883-887, 2001. 
[162] J. Lehmann, et al., "Spin qubits with electrically gated 
polyoxometalate molecules," Nature Nanotech., vol. 2, pp. 312-
317, 2007. 
[163] M. N. Leuenberger and D. Loss, "Quantum computing in 
molecular magnets," Nature, vol. 410, pp. 789-793, 2001. 
[164] F. Alibart, et al., "An Organic Nanoparticle Transistor Behaving as 
a Biological Spiking Synapse," Advanced Functional Materials, 
vol. 20, pp. 330-337, 2010. 
[165] G. Agnus, et al., "Two-Terminal Carbon Nanotube Programmable 
Devices for Adaptive Architectures," Advanced Materials, vol. 22, 
pp. 702-706, 2010. 
[166] A. Dehon, et al., "Stochastic assembly of sublithographic 
nanoscale interfaces," IEEE Trans. Nanotechnol., vol. 2, pp. 165-
174, 2003. 
[167] J. M. Tour, et al., "Nanocell logic gates for molecular computing," 
IEEE Trans. Nanotechnol., vol. 1, pp. 100-109, 2002. 
[168] K. K. Likharev and D. B. Strukov, "CMOL: Devices, circuits and 
architectures," in Introduction to molecular electronics, G. 
Cuniberti, Ed., ed: Springer, 2005, pp. 447-477. 
[169] S. C. Goldstein and M. Budiu, "Nanofabrics: spatial computing 
using molecular electronics," in Int. Symp. on Computer 
Architecture, 2001, pp. 178-189. 
[170] J. Sköldberg, et al., "Nanocell devices and architecture for 
configurable computing with molecular electronics," IEEE Trans. 
Cicuits and Systems, vol. 54, pp. 2461-2471, 2007. 
 
Proceedings of the IEEE, 2010 
 
12 
Dominique Vuillaume was born in 1956. He 
received the Electronics Engineer degree from 
the Institut Supérieur d'Electronique du Nord, 
Lille, France, 1981 and the PhD degree and  
Habilitation diploma in solid-state physics, from 
the University of Lille, France in 1984 and 1992, 
respectively. He is research director at the CNRS 
and he works at the Institute for Electronics,  
Microelectronics and Nanotechnology (IEMN), 
University of Lille. He is head of the « Molecular 
Nanostructures & Devices » research group at 
IEMN.   
His research interests (1982-1992) covered 
Physics and characterization of point defects in semiconductors and MIS 
devices, Physics and reliability of thin insulating films, hot-carrier effects in 
MOSFET's. Since 1992, he has been engaged in the field of Molecular 
Electronics. His current research concerns: 
- design and characterization of molecular and nanoscale electronic devices, 
- elucidation of fundamental electronic properties of these molecular and 
nanoscale devices, 
- study of functional molecular devices and integrated molecular systems, 
- exploration of new computing paradigms using molecules and 
nanostructures. 
He is the author or co-author of 150 scientific (peer-reviewed) papers in 
these fields. He was scientific advisor for industrial companies (Bull R&D 
center) and he is currently scientific advisor for the CEA "Chimtronique" 
research program.  
 
